The infectible cells of soybean roots appear to be located at any given time just above the zone of root elongation and just below the position of the smallest emergent root hairs. The location of infectible cells on the primary root at the time of inoculation was inferred from the position of subsequent nodule development, correcting for displacement of epidermal cells due to root elongation. Marks were made on the seedling growth pouches at the time of inoculation to indicate the position of the root tip and the zones of root hair development. Virtually all of the seedlings developed nodules on the primary root above the marks made at the root tips at the time of inoculation. None of the plants formed nodules on the root where mature root hairs were present at the time of inoculation. These results and profiles of nodulation frequency indicate that the location of infectible cells is developmentally restricted. When inoculations were delayed for intervals of I to 4 hours after marking the positions of the root tips. progressively fewer nodules were formed above the root tip marks, and the uppermost of these nodules were formed at progressively shorter distances above the marks. These results indicate that the infectibility of given host cells is a transient property that appears and then is lost within a few hours. The results also indicate that host responses leading to infection and nodulation are triggered or initiated in less than 2 hours after inoculation. The extent of nodulation above the root tip mark increased in proportion to the logarithm of the number of bacteria in the inoculum.
MATERIALS AND METHODS
Rhizobium Culture. Cultures of R. japonicum strains 31lb 138 and 311b 83 were obtained from D. F. Weber, United States Department of Agriculture, Beltsville, MD. Stock cultures were maintained on yeast extract-mannitol medium (9) modified to contain 0.5% mannitol, 0.5% sodium gluconate and 0.5% yeast extract. Every 2 to 3 weeks, single cell colonies from the stock cultures were used to inoculate 10 ml modified B5 medium (1), adjusted to pH 6.8 to 7.0, in 25-ml culture flasks. These starter cultures were maintained on a rotary shaker (100 rpm) at 25 C for 7 days (early stationary growth phase). The A620 nm of the starter culture was determined and a volume of the culture equivalent to 0.5 ml of an 1.0 A620 nm suspension was added to 50 ml fresh medium in a 125-ml culture flask. The remaining starter culture was stored in the refrigerator for use the following week. Inoculum cultures were grown for 3 days in the same manner as the starter cultures, harvested by centrifugation, washed once with sterile phosphate-buffered saline (pH 7.2) (1) , and resuspended in onetenth strength phosphate-buffered saline. Suspensions used for inoculation were diluted to 0.08 A620 nm (I x 108 cells/ml) with sterile, half-strength N-free Jensen's plant growth medium (9) prior to use.
Growth of Seedlings. Soybean seeds of cultivars Beeson and Williams were obtained from DeWine and Hamma Seed Co., Yellow Springs, OH. Harris seeds were a gift from Dr. K. Nadler, Michigan State University. Seeds (cv. Williams unless otherwise specified) were surface-sterilized with 5% NaOCI plus I drop of Tween 20 for 7 min, washed 5 to 10 times with sterile H20, and soaked in H20 for 2 hours. Swollen seeds with unbroken coats were germinated on yeast extract-mannitol agar plates for 3 days in the growth chamber, protected from light with aluminum foil. Seedlings without visible microbial contamination were transferred to plastic growth pouches (diSPo Seed-Pack, Scientific Products, Evanston, IL; ref. 10 ). Ten ml sterile, half-strength Nfree Jensen's medium were added to moisten the paper towel of each pouch prior to inserting the roots through holes (made with tweezers) in the bottom of the paper towel seed trough. Two seedlings were transferred to each pouch. All of the above operations were conducted under aseptic conditions. Seedlings in the growth chamber were not kept sterile since the pouches are open at the top. Seedlings were maintained in a Conviron growth chamber under the following conditions 50 to 70% RH; 28 7 to 8 days after inoculation. By this time, the most mature nodules on the primary root were usually 0.5 to 2 mm in diameter and easily scored. Small nodules were distinguished from emerging lateral roots by their spherical (rather than pointed) shape. In cases when it was necessary to distinguish between nodules on the primary root and nodules developing at the bases of lateral roots, nodules were carefully broken off from the roots in order to determine the point of attachment. The positions of the nodules on the primary root were determined to the nearest 0.5 mm with the aid of a dissecting microscope (X6). Nodules developed on lateral roots as well as primary roots and developed on the primary root below, as well as above, the RT mark made at the time of inoculation. Nodulation on lateral roots and on the primary root below the RT mark was not of major concern in the present studies.
Root Elongation. Changes in the position of epidermal cells on soybean roots, relative to the RT and SERH marks on the pouches, were assessed by measuring the displacement of ion-exchange beads (4) placed on the root surface. Soybean seedlings with roots 3 to 8 cm long were marked as shown in Figure IA . The growth pouches were cut and folded back to expose the roots. Individual beads (Bio-Rad AG I -X8, Cl-, 45-106 t,m) were placed gently with fine forceps on the side of a root at intervals of 1 to 2 mm. The distance of each bead from a fixed point near the root crown was measured to the nearest 0.1 mm with the aid of a dissecting microscope. The pouches were resealed with tape and placed in the growth chamber until the next measurement. Measurements were made periodically over a 22-to 26-h period. The location of infectible cells on the root surface at the time of inoculation was deduced from the positions at which nodules subsequently formed on the root, taking the effects of root elongation into consideration. Root elongation caused portions of the primary root to be displaced relative to the marks made at the time of inoculation on the plastic face of the growth pouch. Ionexchange beads placed on the roots above the SERH mark were not measurably displaced by elongation. Beads initially positioned in the zone without root hairs were displaced by root elongation during the first 24 h of an experiment, but not thereafter. Roots elongated at an average rate of 2.4 ± 0.6 mm/h. The arrows and associated numbers in Figure I indicate the distances that given points on the root surface of an average plant were displaced as a result of root elongation. The zone of significant elongation typically extended 5 to 7 mm back from the root tip, ie. approximately half the total length of the "no root hair" zone. Epidermal cells in the lower third of the no root hair zone, nearest the tip, were displaced by elongation to positions below the RT mark.
RESULTS

Pattern
Profiles of nodulation frequency provided further information regarding the location of infectible host cells on the root. The histogram in Figure 2 shows the frequency of nodulation as a function of distance from the RT mark. The relative distance of each nodule from the RT mark was calculated as a percentage of the distance between the RT and SERH marks for the given plant. This was done in order to facilitate comparisons between profiles obtained at different times and under different conditions.
Nodulation frequency above the RT mark was zero or very low at distances greater than approximately 120% of the RT-SERH interval. The frequency increased rapidly at shorter distances from the RT mark. A maximum frequency of nodulation was observed in the region 20 to 80% of the RT-SERH distance above the RT mark. The frequency of nodulation then diminished substantially in the vicinity of the RT mark and below it. The profile illustrated in Figure 2 tance above the RT mark and 40%o of this distance below the mark. The extent to which nodulation was diminished in the region below the RT mark was also somewhat variable, ranging roughly between a 3-fold to a 20-fold decrease with respect to the maximum frequency. Profiles similar to that shown in Figure 2 were also obtained with rhizobia cultured on the modified B5 medium and with seedlings inoculated by the droplet technique. However, with droplet-inoculated seedlings, the frequency of nodulation was found to increase again in the region 30 to 70%o of the RT-SERH distance below the RT mark. Approximately 7% of the nodules in Figure 2 developed above the SERH mark. This is consistent with the low proportion of plants nodulated above the SERH mark (Table I) .
The pattern of nodulation indicated by the data in Table I and Figure 2 was not greatly affected by changes in strain, cultivar, or method of inoculation. Three cultivars of soybean (Beeson, Harris, and Williams) were tested with R. japonicum 311b 138, and two strains of R. japonicum (31 lb 83 and 31 lb 138) were tested with cultivar Williams. Essentially the same pattern of nodulation was obtained in each case. Nodules were observed to form on lateral roots in the same zones of root development as described for the main root. When inoculated by the spot technique, plants quite consistently formed nodules at the point of inoculation in the no root hair zone, only occasionally formed nodules at the point of inoculation in the developing root hair zone, and did not form nodules at the point of inoculation in the mature root hair zone.
Effect of Inoculum Dose. The extent and location of nodule development on primary root above the RT mark depended on the number of bacteria in the inoculum (Figs. 3 and 4) . The proportion of plants that developed nodules above the RT mark increased linearly with the logarithm of the inoculum dose for seedlings inoculated by the pouch technique (Fig. 3) . The same logarithmic dependence on inoculum dose was obtained with plants inoculated by the droplet technique (Fig. 4) . The number of nodules that developed above the RT mark, as well as the average distance of the uppermost nodule above the mark and the proportion of plants that nodulated above the mark, all varied in an approximately linear manner with the logarithm of the inoculum dose. Relatively few of the plants were nodulated after inoculations with 20 to 100 R. japonicum cells/plant, and those plants that did develop nodules ordinarily developed only one or two nodules on the primary root. As a consequence, standard errors were quite large for data points obtained at low inoculum doses. In particular, the apparent increase in average distance of the uppermost nodule at the lowest inoculum dose was not reproducible (Fig. 4) . The log-linear nature of the dose-response curves, the maximum values of the nodulation parameters reached at the highest inoculum doses, and the apparent intercepts of the extrapolated curves on the inoculum dose axis, however, were all quite reproducible.
Delayed Inoculation. When inoculations were delayed for various intervals, from I to 4 h after marking the positions of the root tips, it was found that nodulation above the RT mark decreased as the time interval between marking and inoculation was increased (Fig. 5) . The average position of the uppermost nodule decreased in a linear manner in these experiments at a rate quite similar to the average rate of root elongation (2-3 mm/h). There was relatively little change in the average number of nodules above the RT mark or in the percentage of plants with nodules above the mark during the first I or 2 h of the experiments. However, these two parameters decreased in a relatively linear fashion when inoculations were delayed between 2 and 4 h. They gradually approached and reached zero when inoculations were delayed by 5 to 6 h. Average values for the position of the uppermost nodule and for the number of nodules above the mark were quite consistent from point to point within an experiment or from week to week between experiments despite the wide range of values for individual plants and the correspondingly large standard errors.
DISCUSSION
At any given time, the soybean root cells infectible by Rhizobium are located in a small, developmentally restricted zone just above the root tip. Nodules developed on the primary root most frequently in the region from 20 to 80% of the RT-SERH distance above RT mark (Fig. 2) . At the time of inoculation, the cells in this most frequently nodulated region were located approximately 50 to 80% of the RT-SERH distance above the RT mark (Fig. 1) . Since the rapidly elongating portion of the root typically extends to about 50% of the RT-SERH distance above the root tip, it seems that infections leading to nodulation are normally initiated in epidermal cells that have finished most of their elongation but have not reached the stage of root hair emergence. The infectibility of cells in this region refers to their capability of becoming infected so that nodules are subsequently formed. It is possible that infections that do not lead to nodule formation are initiated in other regions of the root. This point requires further study.
The identity of the cells that are susceptible to infection by rhizobia cannot be specifically determined from the present studies. However, light microscopic studies of infections in soybean have provided evidence that rhizobia normally enter the root by means of infection threads formed in root hair cells (2, 5, 8 Delayed inoculation experiments demonstrated that nodulation above the RT mark decreased rapidly as the interval between the time of marking and time of inoculation was increased. This is consistent with the notion that infections leading to nodule development cannot be initiated in root hair cells that are too old. Hair cells are no longer infectible approximately 5 h after they originate from the root meristem. Further support for this conclusion is provided (Fig. 2) by the substantially diminished frequencies of nodulation at distances greater than about 12 mm above the RT mark, which is equivalent to about 5 h root growth at 2.4 mm/h. The data in Figure 5 indicate that infectibility is acquired and lost by a process of acropetal development. The transient, acropetal development of infectibility in soybean makes the position of the uppermost nodule a sensitive indicator of factors that affect the rate at which infections are initiated. This should be useful in subsequent studies of the infection process.
The average distance of the uppermost nodule from the RT mark decreases significantly (to less than half its initial value) when inoculations are delayed by only 2 h after marking (Fig. 5) . We infer from this that target epidermal cells of the host root are able to respond to the presence of the bacterial symbiont very soon after inoculation, perhaps within minutes and certainly in less than 2 h. It will be of great interest to determine the nature of this early response and how it is elicited.
From observations of infection thread formation in root hairs of clover, Nutman (6) concluded that apical infections (i.e. infections initiated at the tips of root hairs) occur only in the developing root hair zone. Lateral infections (initiated at a branch near the base of a hair), however, were observed in the zone of mature, fully elongated root hairs. The apical infections described by Nutman (6) seem to be localized in an acropetally developing zone in clover just as infectible root epidermal cells are in soybean. However, the development of lateral infections in the mature root hair zone of clover does not appear to occur in soybean. This points out the need for caution in assuming that Rhizobium infections proceed by the same paths in different hosts.
We have consistently observed a lower frequency of nodulation in the vicinity of the RT mark and below this mark (Fig. 2) . We speculate that the lower frequency of nodulation in this region may reflect the existence of a quick-acting regulatory mechanism in the host that serves to prevent overnodulation. The logarithmic relationship between nodulation above the RT mark and the number of bacteria in the inoculums (Figs. 3 and 4) is a noteworthy phenomenon. From a statistical point of view, the probability that a Rhizobium cell will come in contact with a suitable site on the root and initiate an infection essentially doubles if the number of cells in the inoculum is doubled. Actually, nodulation above the RT mark is increased by much less than 2-fold when the inoculum dose is doubled. Thus, there appears to be an inhibitory or regulatory effect superimposed on the statistical effect of increasing the inoculum dose. This inhibitory or regulatory effect is independent of the method of inoculation. Both pouch and droplet inoculation techniques result in nodulation that is logarithmically dependent on inoculum dose (Figs. 3 versus   4 ). The inoculum dose must be roughly 100-fold larger for pouch inoculations than for droplet inoculations in order to achieve the same extent of nodulation, probably because most of the bacteria in a pouch inoculation contact or adhere to the paper towel rather than the root, whereas essentially all the bacteria in a droplet inoculation come in contact with the root.
The relationship between inoculum dose and the extent of nodulation leads to the possibility that more than one Rhizobium cell might be required to initiate the infection process. Extrapolation of the dose-response curves to the inoculum dose axis has consistently provided intercepts in the range of 5 
